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Abstract

This paper presents an overview of the most important closed loop identification meth-
ods, i.e. of the traditional direct/indirect, of the two stage and of the coprime factoriza-
tion methods. The role of these algorithms in closed loop design is highlighted. These
approaches are illustrated and compared with each other through a vehicle dynamical
example taking the active suspension design problem.

Keywords: closed loop identification, identification for control, active suspension design.

1. Controller Design Based on Identified Model

The controller methods assume the knowledge of the actual plant. But in re-
ality the transfer function of the plant is not known exactly, it is only known
partially, and it has uncertainties and stochastic features. The model of the
actual plant can be determined using measured input and output signals.
The more exactly the model is known the more difficult it is to design and
to implement the controller. So reduced complexity model is applied for the
purpose of design a controller, which satisfies the stability and performance
requirements and it can be implemented easily. The controller design based
on identified model leads to iterative identification and controller design,
where the model identification is performed in closed loop (GEVERs, 1991).

During the control design process the designer selects a controller so
that it has to satisfy not only the stability but also some performance cri-
teria. Let P(q) be the transfer function of the actual plant, and let C(q)
mean the transfer function of the controller as it can be seen in Fig. 1.

The actual plant is modelled using the input and output signals, and
the controller is designed on the basis of the identified model. The designed
feedback loop consists of the identified model f’(q, 6) and the designed con-
troller C(q) as it can be seen in Fig. 2.

In reality the controller works together with the actual plant in the
achieved closed loop system. So the controller has to be designed in a way
that it has to be suitable not only for the identified model but for the actual
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Fig. 2. Designed feedback loop

plant as well. This means that the controller has to ensure the stability of
the achieved closed loop system in spite of the uncertainties of the actual
plant, which is called as robust stability. On the other hand, the controller
has to satisfy some prescribed performance criteria of the achieved closed
loop system, which is called as robust performance.

This paper first highlights the theory of closed loop identification.
Chapter 3 summarizes the traditional methods, while Chapter 4 describes
the modern theories such as the two stage method and the coprime factor-
ization method. Moreover Chapter 5 demonstrates an academic example
for closed loop identification approaches.

2. Identification of Systems Operating in Closed Loop

If the input u(t) is not a function of the output y(¢) then the plant is said to
be operating in open loop, and the output does not feedback and does not
affect the input. Unfortunately, practical system identification is usually
performed while the plant is operating in a stable closed loop. Here the
input is a function of the output and possible of an external loop input
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r(t). There are many reasons for identifying P(q,8) while it is operating
in closed loop. If the plant is not stable in open loop operation, the closed
loop control is required to maintain the stability for obvious reasons. If the
plant is non-linear and the purpose of the identification is to develop a linear
model about some nominal operating points, then the closed loop control
has to maintain the plant near that nominal operating point.

The connections among the command r(t), disturbance v(t), input
u(t), and output y(t) signals of the actual closed loop can be formalized as
follows.

y(t) = [I+P(g)C(@) " P(9C(e)r(t) + I + PleC@] 'v(t), (1)
r(t) -

ut) = C@U+PC@I ) - C@U+P@C(@) o). ()
f
The identification cost function based on the predlcatlon error, (t, #) which

is as follows: :
e(t,0) =y(t) — 9(4,9), (3)

where y(t,0) = P(g,0)u(t). Then the prediction error cost function is as

follows: N
Vn(8) = v > e, 0)) . (4)

t=1

The formulas of the prediction error, where (¢, 8) is expressed, in open loop
case (5) and in closed loop case (6) are significantly different because of the -
feedback effect (LIUNG, 1987).

e(t,8) = [P(g) — Plg,0)]u(t) +v(t) ()
et,8) = [I+Pg)C(@]'[Plg) — P(g,0)]C(a)r(t) +
(6)
[1 - P(q,6)C(9II + P(@)C(9)]7"v(®) -

In the 70-s the direct and the indirect identification methods have been de-
veloped for closed loop identification. But the new control design approaches
involve the development of modern closed loop identification methods; such
as the two-stage method and the coprime factorization method.

3. Traditional Closed Loop Identification Methods

The direct identification neglects the effect of the feedback and the identi-
fication is performed using the input signal u(¢) and the output signal y(t)
in open loop way

y(t) = P(g,0)u(t) + v(t), (7)
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where v(t) is an estimate of the noise signal. It can be proved that if the com-
mand signal r(t) is persistently exciting of a sufficiently high order, then the

estimate of P(q,6) is consistent. As a result a unique and consistent model
is obtained despite of the presence of feedback. Moreover, it is sufficient
that the external and persistently exciting signal is present (SODERSTROM,
et al., 1976). The direct identification method generally results in a very
complicated model.

As an alternative to the direct identification approach, the method of
indirect identification avoids to take measured data from the closed loop.
It assumes the knowledge of the controller and the measurability of the
command signal r(t). The indirect method consists of two steps. In the
first step it computes the transfer function of the whole closed loop system
G.(q,8.) using the command signal r(t) and the output signal y(t) in open
loop way (see Fig. 2)

y(t) = Gelg, 0:)r(t) + w(t) (8)

where w(t) is the noise signal. Then in the second step it determines the
model applying matrix manipulations using the knowledge of the controller.

Gelg,6:) = [1+ P(q,0)C(9)] 7 P(g,6)C(q) - )

It can be proved that the conditions for a unique and consistent identifi-
cation result are obtained as in the case of the direct identification with a
persistently exciting external signal (SODERSTROM et al., 1976).

‘ Conditions for consistency of the direct and of the indirect approaches
are the same, but this does not mean that both methods give the same result
in the finite sample case, or that they are equally easy to apply. Moreover,
an advantage of the direct approach is that only one step is required. For
the indirect approach it is not obvious how the equations in second step (9)
should be solved.

4. Modern Closed Loop Identification Methods
4.1. The Two-Stage Method

The two-stage method is introduced in VAN DEN HOF and SCHRAMA, 1992.
This method avoids complicatedly parametrized model sets, as are required
in the direct method, and does not need apriori knowledge of the controller.
It consists of two identification steps, which can be performed with open
loop methods. If we investigate a single input, single output system, then
let us define the S(g) factor, as the common factor of the input and the
output equations (1) and(2).

S(g) = C(9)lI + P(q)C(q)]7". (10)
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Since r(t) and v(t) are uncorrelated signals, moreover u(t) and r(¢) are avail-
able from measurements, it follows that we can identify the S(g) function
in open loop way from the following equation: :

u(t) =S¢, 0)r(t) +wlt), (11)

where w(t) is an estimate of the noise signal. From the results in open loop

identification S(q, 6) can be identified consistently.
In the second step of the procedure the output relation is employed.
It reconstructs the input signal u"(t) and identifies the close loop model
using the reconstructed input and the measured output signal. Since u"(t)
is available from the measurements through the command signal r(t):
u"(t) = 5(g,0)r(t) (12)

’

and P(q, f) can be estimated in open loop way
: i

y(t) = Plg,0)w(t) + Q(g,0)v(t) (13) -

where v(t) is the white noise signal, and Q(q, 8) is an estimate of the transfer
function between the noise and the output signal. A block diagram, indicat-
ing the recasting of the closed loop problem into two open loop problems,

is sketched in Fig. 3.
\l/ v(t)

Q@h)

+
+ y(®

1(t) u¥(t)

P(a0)

S(a.6)

Fig. 8. Block diagram of the two-stage method

4.2. The Coprime Factorization Method

However, a relevant question is, specially under closed loop experimental
conditions, how to identify systems that are unstable. The coprime fac-
torization method can be applied for identification of an unstable closed
loop system, too. It is introduced in ZHU and STOORVOGEL, 1992, and
ScHrRAMA, 1991.
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Let us define S(g) and W(q) factors that are the common factors of
the input ans output equations (1) and (2}

S(g) = ClolI+P@)C@I™, (14)
W(g) = [I+P@C@™". (15)

Applying these notations the following two equations can be obtained.

u(t) = S(gr(t) - ClgW(g)v(1), (16)
y(t) = P(@)S(g)r(t) + W(gv(t) . (7)

The essence of this method is that S(g) can be identified from (16)
based on the reference and the input signals independently from P(g)S(q),
which can be identified from (18) based on the reference and the output
signals. If the reference signal r(t) is uncorrelated with the disturbance
v(t), then these are open loop identification problems. The results of these
identifications are D(q, #) and N(g, ) as it can be seen in (18) and (19). The
two transfer functions between r(#) and u(t), y(¢) are identified according
to the scheme of Fig. 4

u(t) = D(q,e)f‘(t)JrR(q,@)v(t),, (18)
y(t) = N(q,0)r(t)+Q(q,0)v(t). - (19)
\Lv(t)
R(3.0)
i
A + u(®
D(.0)
]t
" | y(®)
N(q,0) s
Qa®

T

Fig. 4. Block diagram of the coprime factorization method
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The pair P(g)S(¢) and S{g) can be considered as a factorization of
P(q), since P(q)S(q)[S(g)]"! = P(q) assuming that S(g) is non-singular,
so the identified model can be obtained applying the identified D(q,8) and

N(g,9)
P(g,8) = N(q,0)[D(q,0)]" . (20)

Since the closed loop system is stable, the two separate factors composing
this factorization are also stable, and they can be identified from data mea-
sured in the closed loop. If the estimates of both factors are obtained from

independent data sequences, the P(q, 6) estimate will be consistent in the
case that both estimators D(gq,8) and N(g,8) are consistent.

5. Case Study for Active Suspension System

Conventional passive suspensions are typically corripOsed of coil springs and
hydraulic dampers. To improve ride comfort, these passive elements must be
set on the soft side, but to improve handling, springs and dampers must be
made stiffer to damp wheel vibration and to reduce body rolling and pitch-
ing motions. These contrary purposes from the classic suspension design
compromise. In order to obtain both excellent ride comfort and handling,
the suspension characteristics must be changed dynamically according to
the demands of the situation. In other words, active control of the suspen-
sion is required. The structure of a quarter car model active suspension has
been investigated by HrROVAT, 1990. ;

In order to investigate the benefit of active suspension systems, the
following two-degree-of-freedom quarter-car model is applied. Let vehicle
sprung and unsprung mass be denoted by m; and my, tire stiffness and
damping of sprung mass be denoted by s; and k; and tire stiffness of un-
sprung mass be denoted by s; as it can be seen in the Fig. 5. Let Z; be the
acceleration of the m;, Z; the acceleration of the my, d stands for the road
disturbance.

The differential equations of the model in Fig. 5 can be formulated as

myZp+kp(zp = z2) +5p(2zp —z2) +u=0, (21)
meZy + s1(ze —d) — sp(zp — 2z¢) —kp(ép — 2) —u=0,

whose state space representation can be considered as

t

z Az + Bu+Gd,
y = Cz+ Du, (22)

where z = (2, zy 2 2y )T is the state vector, y = % is the output, while '
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Fig. 5. Scheme of a quarter car model and Bode plot of z;

the constant matrices are

0 0 1 0 0

0 0 (])C 1 (1) 0
N O T ST T3 o a-| 2

my my my T my | ol

s % ke ky _ L 0"

my my  mf mf my

c:(_Sf_+8t Sr ke k_f) D:<L>,

my my my MMy ’ my

Let the simulation parameters be m; = 400 kg, m; = 33 kg, s; = 9000 N/m,
s¢ = 120000 N/m, ks = 500 Ns/m. The controller is designed based on the
identified model, and this controller is applied for the input u. The Bode
plot of the open loop plant, i.e. of the passive suspension system, and one
of the actual closed loop system, i.e. of the actual active suspension system
can be seen in Fig. 6. The system has two peaks, the first is in 4.7 rad/sec,
while the other is in 62.8 rad/sec.

The investigation of closed loop identification has been performed
based on simulated data, which are demonstrated in Fig. 7. In the follow-
ing the direct method, the two-stage method, and the coprime factorization
method are compared. It can be performed since none of them assumes the
knowledge of the controller, but they apply the measured signals.

Applying the direct method we have investigated, how the different
order identified models approach the behavior of the actual plant. The left
hand side of Fig. 8 shows the estimation of the 4.7 rad/sec peak. It can be
seen that only the higher models approach this peak. Moreover, the right
hand side of Fig. 8 shows the estimation of the 62.8 rad/sec peak with the
same structures. It can be seen that all of them well fit to the peak. This is
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| dB Bode plots of the open loop and the closed loop system
30 T T

\
A

20 F

N /
NN 7 R
7{\\ losed loop N\
10 iy eedley N

0.

204

-30

1 10 100 rad/sec 10600
Fig. 6. Bode plots of the open loop plant and the actual closed loop system

Reference signal

Input signal

14 | ) foddt S

3 ; 155 3 3 6 3 0
Output signal

ety

Fig. 7. Sampled time series based on closed loop system

why we select the structure where the autoregressive (AR) order is 30, and
the input. (INP) order is 30 as well, i.e. the model is ARX(30,30). y

On the left hand side of the Fig. 9 the AR and the INP parameters of
the identified model are shown based on direct method as a function of lag.
The frequency domain representation of the identified model approaches
well the plot of the original systems as it can be seen on the right hand side
of the Fig. 9.
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dB Bode plots of identified models dB Bode plots of identified models
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Fig. 8. Original plant and the identified model in the frequency domain

AR parameters of P(q,6) dB Bode plots of the piant and the model
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Fig. 9. Model parameters and Bode plot of the identified model based on direct
method

The aim of the first step of the two-stage method is to reconstruct
the input signal using the identified S(g, ) transfer function between r(t)
and u(t) signals. The estimated parameters of the S{q,9) and its frequency
domain representation can be seen in Fig. 10. The reconstructed input
signal can be seen in Fig. 11.

In the second step of the two-stage method, P(q, 6) model can be esti-
mated in open loop way between the reconstructed input and the measure
output signals. The order of the identified model is ARX(30,30). Fug. 12
shows the estimated parameters as a function of lag, and illustrates its fre-
quency domain representation.

Figs. 13 and 1/ show the AR and the INP parameters and the fre-
quency domain representation of the D(q, ) and the N{(q,9) models in the
coprime factorization method. Based on the D(q,6) and the N(q,9)
the obtained P(q, 9) model is ARX(59,59). The frequency domain represen-
tation of the calculated model can be seen in Fig. 15.
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AR parameters of $(q.0) dB Bode plot of the S(q,0)

0 5 10 15 20 pal log 30 -10

0 10 100 4sec 1000

Fig. 10. Model parameters and Bode plot of the identified S(g, 6)

Reconstructed input signal

sec

Fig. 11. The reconstructed input signal

AR parameters of P(q,6) dB Bede plots of the plant and the model
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Fig. 12. Model parameters and Bode plot of the model based on two-stage method

In this example we have experienced that the classical direct method
supplies the least dimension model in comparison with the other two ap-
proaches. The two-stage method has given higher order dimension in this
example, but the order of the estimated model can be reduced by improving
the reconstruction of the input signal. This method also performs in open
loop way, but it takes into account the feedback effect. The coprime factor-
ization method has resulted the highest order model, that can be computed
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Fig. 13. Model parameters and Bode plot of the identified ﬁ(q, 8)

. AR parameters of N(q,6) dB Bode plots of the N(q, 8)
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Fig. 14. Model parameters and Bode plot of the identified N (q,4)

from the identified N(g) and D(q) factors. We can get lower order structure
of the identified model if N(q) and D(q) have lower degree. The last method
is able to handle unstable closed loop systems, too, which is impossible for
the two other methods.

6. Conclusion

In this paper we have highlighted that closed loop identification has to be
performed for closed loop design. We have summarized the most important
closed loop identification methods (traditional direct/indirect, the two-sta-
ges and the coprime factorization methods) with respect to the active sus-
pension design example. We have concluded that these methods are well
applicable and can be easily used.
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dB Bode plots of the plant and the model
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Fig. 15. Bode plot of the identified model based on the coprime factorization

method
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Abstract

Modern technology has advanced the development of many new materials and products
which in turn have created the need for new and advanced test methods. The material
must be thoroughly investigated for mechanical properties such as fatigue life or maximum
strength to permit efficiency and economy, as well as reliability and safe design of compo-
nent structures. The method described in this paper deals with the stress distribution and
application of statistical longevity of some motor-cycles components under operating the
random loads. The results of its application are restricted to load-carrying motor-cycles
components of small capacity.

Keywords: fatigue, statistical longevity, probability density function failure, reliability.

1. Introduction

Acquisition of the command with two-wheeled road vehicle for laboratory
loading system contains identifications of the dynamic characteristic features
in operating state, during random loads. The usual way to determine the
equivalent loading of a random evolution is displayed in Fig. 1.

The signal of response may be analysed by statistical characteristic of
stochastic function.

The random excitation of two-wheeled road vehicle is restricted to the
random change of road surface undulations which provides a vertical input
displacement into the tire of the vehicle.

The laboratory test is to simulate the dynamic response of the vehicle
by subjecting each wheel at random varying displacement imposed by means
of a simulator as shown in Fig. 2.

A motorcycle running along a road is subjected to two vertically im-
posed displacements, one at each wheel. The description of the road surface
must be complete enough to describe adequately the displacement imposed
at each wheel at least in statistical terms and the correlation between the
two displacements.
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Fig. 1. Layout of inputs for a two-wheeled vehicle
Recording

of operating
state loads

aldadd

b

Laboratory simulating

Fig. 2. Layout of laboratory test

2. Application of Statistical Longevity

The starting point of theoretical solutions reliability is the WEIBULL model
[3]. The dependence between random loads and life, Ny, of components
must be completed by a variable, R(Ny), which expresses digital quarantee
in the probability form.
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A three-parameters distribution may be expressed as
R(Ny) = exp(=((Nf = Nmin)/ (Nsig = Ninin))*) (1)

where:  Npjn is @ minimum of the longevity
Ngg  is a modal value of the longevity
k is a parameter of distribution.
The probability density function related to (1) is of the form

k-1 k
B k Nf — Nuin Nf ~ Nenin
f(Nf) - Nsig — Nmin - I:Nsig - Nmin] o ( (Nsig B Nmin) ) . (2)

-

The determination of the parameters of this distributions k, N;g, Ny are
achieved by the moment of function (2) numerically.
Common value of n-th moment for variables

Nf_Nmin . n
~J  cmn . "= 14 —
Nsig“Nmin ° o F< +k')

The first and second central moment of basic distribution Fq. (2) are:
T 2 ) 1

The coefficient of obliquity is determines with second and third central of
moment:

m _[fed)-ar(e)r( o ()]
A (PR

If we return to original variable Ny, the first moment will be:

1

and it is a reply to estimate the moment m; (N;) for basic random selection:
m; (Nl) ~ NS (5)

where: Ng is a middle value of longevity.
The dispersion of original variable N may be expressed in a term:

mo(p) = (Nag — N (0 (14 2) 12 (141)) @
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and the estimate of moment is
my(N;) ~ Sk, (7)

where: S,, is the standard deviation.
From Egs. (4) and (5) is:

Nsig———Ng—I—SN-A(k). (8)
From Egs. (6), (7) and (8) is:
Nmin = Ns _SND(k) : (9)

The application functions in Egs. (8) and (9) are:

IR Lt )

= 1

[ACEEEN

oyl
(8-t 0)]

With parameters of distribution, we may define the result by the statistical
curve of longevity, which in a form of probability characterized the longevity
form Eq. (1)

In(~In R(N;)) = k(In(N; = Nmin) = In(Nsig = Nmin)) -

and

D(k) =

But for the case Ny = 0, the function of probability of longevity, Eg. (1),
will be reduced to two-parameters of term:

k
R(Ny) = exp (— (;Z{g) ) . (10)

" The probability density function related to Eq. (10) is:

k-1 k
_k Ny Ny
fN) = Nsig (Nsig> o ( (Nsig) ) . ty

Estimates of parameters k, Nz by characteristic value Ng, Sy may be
expressed:
from Egs. (4) and (5)

Ns

Neis = Z(ry
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from Fgs. (6) and (7)
Ng =Sy - D(k)
where: C(k) =T (1 - %)
The functions A(k), C(k), D(k) and B(k) in Eq. (3), are introduced

for the practical application in Eg. (1) for variables %

3. Experiment and Results

The applications of this method in this paper are restricted to load-carrying
parts of motor-cycles of small capacity. Tests are frequently completed on
construction subassemblies, such as they are shown in Fig. 3.

The results of laboratory simulating test for a frame construction are
shown for illustration. The frame is the most important load-carrying part
of a motor-cycle. The test of simulation regime for a frame construction has
been made upon the special purpose machine in a laboratory.

The laboratory test has been made for 3 alternative frame contructions.
Experimental results of the laboratory test are shown in Table I.

Alternative A is seen to be the most reliable. The results of random
excitation in operating state are to be seen in Table 2.

Tank Gears 5
N¢ = 2.55803-10% Nf=18-10

Luggage carrier
N;=8.542793 -10°

Shock damper

N = 2.1767-10°
Shock damper

N¢=1.5298 - 108

Hand brake

=1.8-10* Frame
& N¢ =1.7194 107
Engine
250 h Friction clutch

N¢=6.3 -10°
Fig. 8. View of the load-carrying parts of motor-cycles

The statistical curve of longevity for A alternative frame construction
from Fq. (10) is shown in Fig. 4.
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Table 1. Frame constructions

Reliability: Alternative:
Number of cycles A: B: C:
to failure x 108
Ng 22.4656 6.8759 12.1511
Npgy 254133 1.2145 3.8624
Ngs 22.4967 4.4231 1.8765
N4 48.2970 4.0824 2.6661

Table 2. Frame constructions

Statistical Parameters R(Ny)
moment of distributions %
m; = 992.36 k = 1.062
m; = 1690.24  Ng, = 5.25701-10°
ms = 1346291.7 Ny, = 8.82048- 10
Ny = 8.542793-10° 0.9999

2 -751801
S 618468 Ng=2139 10°
o Sy =1.627296 -10
2 485135 F
2 _351801
-218468 |- e
Va=0.75 7688 N
B B T 7238752
OBS135 1 ¢ (0. 09191 o] 07238
048199 |- D)= 1.31445
[Te]
1 ] L J | |
11832\
lg Ny

Fig. 4. Statistical curve of the longevity

09999985

—098993817

R(Nf)ﬂOO °lo

Fq. (2) is an answer to the curves of probability density, from Fig. 5

in our case for frames.
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A-N=5.25701.10% N,,= 8.82048 - 10%
B-Ng=1.900 -107
C-Ng=4.67-108

£(N;)-IEXP-6
1
(83}
I

1 { 4 't

Y 1 1 3
0 1.20 240 360 480 6.00
N; -IEXP-6
Fig. 5. Curves of probability density distribution

4. Conclusion

The test of the longevity of load-carrying parts of motor-cycles at laboratory
makes variable extreme conditions of random excitation in operating state
possible.

The application of this method shortens knowledge of the time to fail-
ure of machine components for transportation and contributes to the safety
and economy of mechanical systems.
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Abstract

The author of the lecture has collected and developed a method for analyzing the char-
acteristics of parametes affecting aircraft tyre control forces, prediction of aircraft brak-
“ing friction on runways, dynamics tyre-soil contact surface interaction model for aircraft
ground operation and the dynamic response of an aircraft wheel to variation in runway
friction.
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1. Introduction ‘

The author of the lecture has collected and developed a method for analyz-
ing the characteristics of: parameters affecting aircraft tyre control forces,
prediction of aircraft braking friction on runways, dynamic tyre—soil contact
surface interaction model for aircraft ground operation and the dynamic
response of an aircraft wheel to variations in runway friction.

2. Parameters Affecting Aircraft Tyre Control Forces

The movement of an aircraft is primarily the result of frictional force between
the tyre, and the ground surface. As a result of the bad condition or the
snowy, icy surface of the runway, or the transversal inclination of highways
during the rolling of the tyres the probability of their transversal motion
(crawling) is increased.

About the F, force, resulting from the sideways sliding, we can get
answers from:

e the F), load on one wheel
o the lateral sliding angle g [1], [3]. (Fig. 1)

This relationship can be further modified by the fact that we can alter
the tyre’s rigidness by reducing the tyre pressure. This is permitted to
increase off-road capability. Similarly, the quality of the runway and the
tyre-compound used is also having effect on the above described problem [4].
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The behaviour of the tyre under the effect of the moment of braking is
determined by the rigidness and the frictional parameters of the tyre. We
can see (on Fig. 2) the rolling of a wheel at the speed of V;; under the load
of F,.

z 5400 N 13500
o] \
< R N\
o 300 BN /////&\(9000
- 5
-~ \
1600 |- _15%‘2;\/2/\\
L 12-gonlAS 4500
4500 NN [P0
0 LY J
(o]
-1800
-3600~
-5400

Fig. 2. The wheel model

Form this, the relative turn-over can be calculated, which is:

Wwp —wp

S = (1)

Wo
The S = 0 means the free-rolling of the wheel while S = 1 means that
the wheel is blocked [1].
Under braking, the speed of motion (Fig. 3) and the amount of dirt
on the runway (Fig. 4) are the major influencing factors on the friction of
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the wheel. On Fig. 3 at the point S = 0 the C, rigidness — characteristic
of every tyre — can be marked. On Fig. 5 the effect of the thickness of the
water layer on a wet runway is shown [3].

A
W12
u vy =9.25km/h
10
18.5
08 |- 37.0
70 1110
06
04
0.2
0 | r ! ( [ »
0 02 0.4 0.6 0.8 s 1.0

Fig. 3. Influence of the speed on the friction force

The thing of interest about the diagram is that the points of stable
and unstable operation can be marked (Fig. 6) [4].

In practice, the modern anti-blocking systems (ABS) adjust the maxi-
mum coefficient of friction between the tyre and the runway. On wet, dirty or
improperly prepared runways, this marginal relationship suddenly decreases
which results in the loss of control in the steering of the aircraft along the
runway or in the loss of stability during landing. Hence, this reduces the
usability of maneuver airfields and highways. This is shown on Fig. 7 [4].

This gives rise to the problem that for the operators of the aircraft,
it is important to know better the most optimal relationship achievable
between the longitudinal and transverse forces without the worsening of the
parameters of the takeoff and landing.

3. Prediction of Aircraft Braking Friction on Runways

During the researches made by the US Air Force, NASA, and the FAA
between 1968 and 1980, it was shown that this problem cannot easily be
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Watered
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Fig. 4. Influence of the runway state on the friction force

>

1.9mm
ol i | 1 | | _»
0 0.2 0.4 0.6 08 s 10

Fig. 5. Influence of the water layer thickness on the friction force

modelled. From their experiments they have reduced that there are 47 such
characteristic parameters of the tyre which need to be examined for the
correct description of the rolling tyre’s frictional relationship.

I think, in harmony with part I, the following 19 basic parameters
should be considered:
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parameters of the tyre:

=~ OOt W N

8

load F,, F,, F;

inside pressure P g, P;1

construction of the tyre (e.g. radial, diagonal, etc.)

texture of the abrasive layer

size of the wheel (D*B, d*b)

the method of the strengthening of the abrasive layer

the type of material used for the strengthening of the abrasive layer
(natural or synthetic)

the amount of wear of the tyre

parameters of the liquid layer covering the runway

9
10
11

viscosity
density
thickness of the layer

parameters of the runway surface

12
13
14
15
16
17
18
19

microstructure

macrostructure.

friction measured with a polished tyre

friction measured with a worn, eroded tyre
stability against erosion

temperature

the marginal point between rolling and blocking
frictional coefficient under braking

In other words, these parameters include all the parameters of grass

airfields, temporary covering layers, concrete runways in bad condition and
of highways together with the parameters of the aircraft tyre.

For example the sliding theory developed by the NASA is interesting

because it gives explanation for the rolling of the tyre on wet surfaces but it
is inaccurate about the calculation of the forces creating this relationship [2].

The experiments conducted by the NASA have confirmed the relation-

ship between some parameters on wet runways:

radial load

size, structure, texture of the tyre

depth of canals on the tyre surface

composure of the abrasive layer

temperature

thickness of water layer

structure of the top (covering) layer of the runway
mode and position of the turning wheel
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0.4H

0.2

ol | I I 1 L,
0 0.2 04 06 08 S 10

Fig. 6. Stable and unstable operation points

Fig. 8 shows the effects of the wear of the tyre of a 32*8,8 VII wheel

having longitudinal canals and an inside pressure of 1.03 MPa, having been
used on a wet runway [1], [2].

Markings of the diagram are:

. average u
. rolling speed
. wear of tyre in percentages

O BN

4. Dynamic Model for the Interaction between Tyre and Soil
during Aircraft Ground Operation

To ensure the operation of aircraft from grass airfields — along other consid-
erations — it must have certain ‘cross-country’ capability [4].

4
The ‘ability-to-pass’ include the following most important conditions:

e the determination of the effects of the deformation of the soil
e the condition of coming into motion from standstill
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Fy By

Fig. 7. F;/F, and F,/F, relationship

°le

> Hay

2— V, ms™!
Fig. 8. Influence of the tyre wear rate on the friction coefficient

e the determination of the allowable imprint of the tyre
e the ensuring of the necessary length of runway for a takeoff-run
e the landing forces of the undercarriage
I suppose that the ‘ability-to-pass’ can be increased by decreasing the
tyre pressure from P;o to a smaller value of although this alters the

tyre’s rigidness as well.
The coefficient of the resistance of the soil deformation can be deter-
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mined with the newly altered rigidness:

fi=qy - (2)
¢ & agoil - k1
where:

qrs : the specific load on the main wheels;

c :  the ratio of the depressed surfaces (Fig. 9);

£ : the correctional factor due to the change in the tyre’s

rigidness, (Fig. 10); :
ki : afactor which in the case of several wheels being on

the main-wheel strut takes into consideration the ef-
fect of the second wheel on the deformation of the soil.

N SN T MUY SR BN S I

Osoil

Fig. 9. The depressed surface ratio

In such cases, the necessary thrust of the aircraft to start from stand-

still is: P
#p:Ffzksoil'flv (3)
where
' F, the necessary thrust of the powerplant, V;
Hp  : the thrust-to-weight ratio
G : weight of the aircraft
ksoit : correcting factor, which takes into consideration 5

minutes of standing before starting on different soils
of different state.
Thanks to the large thrust-to-weight ratio of modern aircraft it is not
this previous data which restricts the operation of aircraft from grass air-
fields. The allowable maximum sinking of the tyre is:

hallowable =0.07-B- DO'ZS ) (4)

where B, D are the geometrical sizes of the wheel.
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Fig. 10. The correctional factor-tyre’s rigidness ratio relationship

Regarding the fourth criterion on the usability, it must be guaranteed
that the takeoff and landing run of the aircraft must be smaller than the
available length of grass runway together with the final security zone. These

criteria may also restrict the utilization of grass airfields.

Amongst the conditions of operation, apart from the takeoff weight, the
inside tyre pressure is of great importance according to BREWER’s theorem.
The permitted change in tyre pressure during takeoff and landing will be

the following [1] [4]

P — (p ) . A

t,1 t,0—cat Fntyg_cat ’
F,

Pt2 = (pt,O—cat) . I3 o

Nland—cat

The critical takeoff and landing speeds are:

F'n-to—cat . pt,l

Viowr = [Vtoumas—cat + 20+ (Pt — Pr0)} -
to [ to ¢ (Pt,l Pto)} Fn. Pro ,
F
Vland., = [’Ulandma:t—cat + 20 - (pt,2 - pt,O)} ) % ‘ % ’
Niand t,0

()
(6)

(M)
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where:

Di1 : the minimum permitted pressure dur-
ing takeoff, MPa;

Dt,2 :  the minimum permitted pressure dur-
ing landing, MPa;

Foto, Frtand : the actual load on the wheel during
takeoff and landing, N;

Frto.caty Frland.cat :  the maximum load on the wheel ac-
cording to catalogue, N;

VU(to.maz.cat.)y Yland.maz.cat) © the manufacturer’s restriction on speed

after the installation of a type, accord-
ing to catalogue, m/s.

The maximum weight-bearing capacity related to the above mentioned
depending on the sub-layers of soil can be determined with the aid of the —
locally well-known — Dorni method. '

Obviously there are more modern methods of determining the ‘ability-
to-pass’, but considering the tools at my disposal, I am able to calculate
with this one.

In this part, the problem is caused by the fact that by reduction of the
tyre pressure, its rate of exhaustion increases, its lifetime decreases [4].

5. The Dynamic Response of an Aircraft Wheel to the Variation
in Runway Friction

At the Department of Aerospace at the Bristol University, they have been
examining the problem of the ground motion of aircraft since 1970. For this
research they have built a linear dynamometric device which was the first
capable of examining the friction of an aircraft wheel when it was rolling on
a softer surface than that of the tyre at a certain inside pressure. Later on,
they have improved on this device by making it capable of examining the
dynamic reactions of a braked aircraft on different solid-surfaced runways [5].
In doct. univers dissertation I have collected some temporary types of
surfacing materials, which are used for the covering of maneuver airfields.
Because the researches made at Bristol also include such materials, hence
the dynamic properties of the wheel can be well-examined for the research
of the earlier mentioned problem.
The experiment was done on the following types of surfaces:

1. WA : wet aluminium sheet

2. LWA : slightly wet aluminium sheet

3. DA :  dry aluminium sheet

4. DS : dry aluminium sheet covered with sand grains

The appropriate sign for the type of surface used in the experiment can
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be found on the time oscillograph. During the movement of the chassis across
the different surfaces, the dynamic reactions of the wheel changes according
to the frictional relationship and its value can be measured. Similarly, a
detector is used on the surfaces which records the time when the wheel
crosses the boundaries of the different sectors of surfaces

The results of a typical run can be seen on Fig. 11 which has the
marking of:

serial number of the type of surface
3

1) markings of the boundaries of different sectors
2
time in ms

At the beginning, the wheel with a given vertical load and with a cer-

tain braking moment is crossing the DA surface which has a small coefficient
of friction, which resulted in the blocking of the wheel (the relative turn-over
was 1). .
/)Xfter this came along the DS sheet with a large coefficient of friction.
The increasing frictional force starts to rotate the wheel, thus the relative
turn-over is 0. The process is determined by the frictional coefficient pu,
F frictional force movement, w,, angular speed of the wheel, and the S,
relative turn-over S, [5].

The experiments call our attention to two phenomena, which are based
on the flexibility of the tyre. The first one is apparent when the primarily
blocked wheel works along the surface of a large coefficient of friction, the
increase in p is halted while the wheel reacts and starts to slow down. The
second phenomenon can be determined from expriments. After the intensive
turn-over, on the DS surface, quickly dampening small amplitude angular
velocity oscillations of around 62 Hz can be seen. This phenomenon results
from the fact that there is a relative motion between the wheel-base and the
surface of contact.

Experiment can be shown with mathematical methods as well. The
two-free-axis model is shown on Fig. 12.

The equations of motion are:

m-a = -F;, 9)
Il CEW = (wt - CA)W) . I{t + (C(t — aW) . Ct — Mbr , : (10)
L-et = H-Fy—(w—ww) K — (s —aw)-Cy —

F
Fn'(ﬂg'H_a_)y (
Fy = u-Fy, (12
(
(

Qy
St - 1_re,0'—7
T

aw
Sy = 1_746,0' )
T
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Fig. 12. The two-free-axis model

where K;, Cy and I, were determined through experiments. The coefficient
of friction p was determined through experiments as well.
When the relative turn-over is positive, that is

p = p(St, Pro, &, Mirqke, type of surface); Sy >0 (16)
when 5; = 0, then:
oy = xv ; Wy = v ) £ = ¢ . (17)
Te,0 Te,0 Te,0

We can diminish the variable w; and its derivatives from the equation.
Therefore with the combination of the equations we get the following:

L _g,) K+ {2 —wy)-C, -F, - H
( “)J*(ISJF_;’_ZL%;% ; S¢=0. (18)

mM-Te,0

m =

The calculations with any combination of initial conditions, can be done
with the use of the appropriate surface. The system of differential equations
can be integrated with the aid of the Runge-Kutta method. The results
acquired from the mathematical model of two-free-axis are similar to those
which were obtained when the flexibility of the abrasive layer was not taken
into account.
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6. Conclusions

The adoption of the flexibility in the model resulted in the appearance of the
angular parameters of the oscillations of the wheel during its full turn-over.
The oscillation frequency of the mathematical model was the same as that
of the experimental device, which proves the existence of motion between
the wheel-base and the tyre and at the same time presumes the flexibility
of the tyre.

The effect of the above mentioned flexibility of the tyre on the dynamics
of the rolling of the braked wheel may decrease the efficiency of the ABS
and braking system of the aircraft. The dynamical influences related to tyre
flexibility can be made perceptible during the design of such systems only
with the aid of the two-free-axis model [4], [5].
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Abstract

A new generic optimal controller structure and regulator design method are introduced
avoiding the solution of polynomial equations. The model sensitivity properties of some
combined identification and control schemes are investigated. It is shown that a new
structure is superior to the others. An applicable strategy for iterative control refinement
based on the generic scheme is presented and illustrated by simulation examples. A worst-
case optimal input design algorithm is also introduced to increase the robustness of the
closed-loop control in the relevant medium frequency range by generating a ‘maximum-
variance’ reference signal. The adaptive version of the control refinement strategy is also
shown with a special ‘triple-control’ extension for recursive optimal input design.

1. Introduction

The need to design high performance control systems has not lost the impor-
tance inspite of the thousands of methods and algorithms published in the
past decades. The huge number of papers indicates that no unique or best
method was found. The solution depends on the model, criterion, uncer-
tainties, disturbances, constraints, etc. (sometimes even on the designer’s
taste).

lw
+
r u 4 J
~—pi Controller p——p Process —DO-— —p

1

Fig. 1. A general closed-loop control system

A general closed-loop system is shown in Fig. I, where y,, u, y and w are the
reference, input, output and disturbance signals, respectively. Here discrete-
time representations are considered for computer controlled systems.
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The argument k of variables means the integer value discrete time (integer
multiple of the sampling period) and z=! means the backward shift operator
(e 1y (k) = y(k - 1)).

Many experts believe that the essence of all control problems can be
led back for the simple problem shown in Fig. 2, i.e., how to choose a serial
compensator transfer function X to S ensuring a unity dynamic transfer.
The trivial solution X = S~! is not always applicable because S is not in-
vertible. This is mostly the case if the control is discrete time and based on
sampled linear dynamic systems. In a general case the system S = S.S5_
is factorable for inverse stable S, and inverse unstable S_ components.
Because S_ cannot be eliminated by simple cancellation mechanism it is
sometimes called invariant system component. A heuristic but widely ap-
plicable solution is to choose X = S;l, when the inverse stable part is
cancelled, however, the invariant inverse unstable factor is untouched. Sev-
eral controller design schemes are based on this method, inspite of there is
no optimality connected. Unfortunately, the remaining invariant factor can
sometimes cause not tolerable dynamics, so its effect must be attenuated.
This can be done, if we use a criterion for this purpose. It is known from the
classical Wiener framework of optimal stochastic systems, that the solution
of the minimum mean square error (H,) problem

X = argmin {B{?(k)}} = arg min {E{l0-xs:5)nm1}} ()

can be obtained if B
X =571s1, (2)

where S_ is obtained by reflecting the zeros (they are unstable!) of S_
through the unit circle and providing

STH1S_(1) = 1. (3)

n C:;E»

b X P S=S5,5 [

Fig. 2. The simple problem of control systems

Note that the solution depends on the applied input excitation n(k).
Here n(k) is assumed as a white noise sequence.

A characteristic approach of optimal controller schemes is called pole-
placement technique (ASTROM — WITTENMARK (1984); LANDAU (1990))
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targeting to provide prescribed transient properties for the servo and dis-
turbance rejection paradigm of closed-loop controller design. The standard
technique representing a two degrees of freedom so-called ® — S ~ T con-
troller assumes basically the structure shown in Fig. 8. Here R, S and 7 are
polynomials. The advantage of this scheme is that the implementation of a
so-called direct adaptive regulator method is very easy, because it is easy to
construct a predictor equation linear in the parameters of these polynomi-
als. The disadvantage of this scheme is that it hides the internal operation
of an optimal system and special considerations are necessary in a recursive
parameter estimation algorithm because the R, § and 7 are redundant,
having more parameters than minimally necessary, furthermore the solution
of a Diophantine equation is necessary to obtain the regulator polynomials.

+
EONr S _pQ_p 5% LYy Process —.é_!_;

| Z

Fig. 3. A classical pole-placement controller

Another well-known classical scheme of optimal control systems is
called internal model principle. The name originates from the system model
applied in the controller. This scheme has a much less known form if we
want to use the same principle for inverse unstable factors. This modified
internal model principle is shown in Fig. 4, if only inverse stable factors
are cancelled. Note that the whole system should be taken into considera-
tion in the internal model, because realizability problem arises only using
the inverted model. Here P, and P, are the desired overall tracking and
disturbance rejection transfer functions (or reference models) for the design
requirements. They can also be interpreted as predictors for the reference
and output disturbance signals. In this case, e.g., @ is the estimated (or
predicted) disturbance. (An ideal case was assumed above when the true
process S is known to ease the understanding of the basic schemes. This
assumption is good to explain the operation of the system, however, only a
process model M is available in most practical cases as it will be discussed
later.) If we want to attenuate the invariant system component then 5:15;1
must be used instead of S;l in the partially inverse model, according to the
optimality of Eq. (2).

The advantage of this optimal control scheme is that the principal
operation of the regulator is very easy to foliow and the computations of
the regulator polynomials are easy and obvious. The disadvantage of this
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Fig. {. Modified internal model principle for inverse unstable factor

scheme is that the identification (parameter estimation) method indicated
by the internal model in the closed loop arises several difficulties.

Both above approaches have the general problems of the known optimal
controller structures that the identification and control errors are different.
Therefore these schemes are not the best ones for developing and analyzing
simultaneous identification and (adaptive) control algorithms.

In this paper a new generic structure (KEVICZKY — BANYAsz (1994))
is discussed which allows a very simple procedure to design optimal con-
trol systems when the identification and control errors are identical. Their
relationships to the previously discussed schemes are also presented.

2. A New Controller Structure
Let us introduce another new structure shown in Fig. 5 to design optimal

controllers. Here S is the system, R is the regulator, P, is a precompensator
transfer function. The system output

y(k) = ﬁrsyr(k) +

1
k) =y (k k 4
k) = () + ) (@
is very special, because in spite of the closed-loop the tracking behaviour
(yt(k) = PrSyr(k)> is independent of the regulator R. This structure prac-

tically opens the loop for the command signal and the selected feedforward
compensator (or observer)

P.=P.S™! (5)
provides a desired
yt(k) = Py, (k) (6)



OPTIMAL CONTROL - OPTIMAL IDENTIFICATION 121

tracking (servo) transfer function by P.. Observe that selecting a regulator

Py

=1op S =esT ™

R

a desired regulating (or disturbance rejection) behavior
ya(k) = (1= Py) w(k) (8)

can be reached by P,. The P, and P, transfer functions contain the de-
sired poles to be placed, so they can be called as reference models. Note
that arbitrary zeros can also be placed, however, the calculation of the pre-
compensator F,. and regulator R requires the inverse of the process S. (Here
also the ideal case was assumed when the true process S is known. If P,
is the best LS predictor of w, then the obtained regulator is the minimum
variance (MV') regulator.) It is easy to prove that this scheme can be re-
arranged to the scheme in Fig. 2 by straightforward block manipulations.
Assuming that

S= a’ 9)

B B
== d P,=-* 1
4, v Ay, (10)
the classical pole-placement regulator polynomials can also be easily com-
puted according to the previous formulas and they are given by

P =

T = AAuB;, (11)
S =A.B(Ay - By), (12)
R = AA,By. (13)

(Observe the common factors that make the parametrization for a direct
self-tuning technique redundant and the recursive estimation difficult.

~

- |
B Internal model | R |

]L_Controller 1

— —— — ——— . —_—— — f— — — ——— - ——— ————

Fig. 5. The new control system structure

If we use the abov . precompensator and regulator the controller shown
in Fig. 5 can be further simplified according to Fig. 6. The advantage of this
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Fig. 6. Equivalent form of the new controller

approach is that the three transfer functions of the controller can directly
be computed without solving the usual polynomial equation. A further and
very important advantage is that the identification and control errors are
identical, so this scheme is especially good for combined identification and
control problems. (The very limited usability for inverse stable systems will
be eliminated in the next section.) It is easy to show that Fig. 5 can be
rearranged to the schemes either in Fig. & or in Fig. 4 by straightforward
block manipulations. So the classical pole-placement regulator scheme and
the internal model principle scheme are identical to each other and to the
new scheme if the appropriate transfer functions are selected.

3. A Generic Scheme for Optimal Pole-Placement Controllers

Because the above method is based on full pole and zero cancellation the
extended applicability can be reached by partial cancellation of those system
(model) components only, which are inverse stable. Assume that

S=5,5=8,5_27° (14)

where S, means the inverse stable factor. Here S_ = S_z"¢ is the non-
invertible part where the discrete time delay z~¢ is also a factor whose
inverse z¢% is not realizable. In case of a partial cancellation we should use
the precompensator

P.=PBS; (15)
instead of (5). This results in
yi(k) = P.S71S. 5 2%, k = P.S_z"%y. k. (16)
Selecting the regulator as
P,S;! _
R=—24 _— —cCs/! (17)

S 1-P,5_z¢
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one can obtain the regulatory transfer as
vak) = (1- P,S_27") w(k). (18)

Eqgs (16) and (18) show that in case of partial cancellation, which is the
general case, when we have inverse unstable system factors (e.g. nonmin-
imum phase systems) or time delay we cannot reach the ideal servo (F;)
and disturbance rejection (1 — P,) transfer functions only their modified

(Prg_z_d) and (1 - ng_z‘d) forms. Note that the modifications do not

depend on us, instead they depend on the system itself only. Therefore S_
is sometimes called invariant process factor (mostly zeros). (Because rea-
sonably P, (1) = 1 and P, (1) = 1 are selected, it is also reasonable to choose
S_(1) = 1in the factorization Eg. (14)). Fig. 7 shows the transfer functions
in the new controller scheme, which can even be called a generic optimal
pole-placement controller in this case. This scheme can be further simplified
according to Fig. 8. It is easy to show that Fig. 7 can be rearranged to the
schemes either in Fig. 3 or in Fig. 4 by straightforward block manipulations.
So the classical pole-placement regulator scheme and the modified internal
model principle scheme are identical to each other and to the new generic
- scheme if the appropriate transfer functions are selected.

: .
'b' | 1 +| : Xy

- - + u —_
+—> R s s, 57 1_—';3;%,,— >é-|—>5.s 2¢ -

! Internal model |

|
 Controller 1

Fig. 8. The equivalent form of the generic controller
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Assuming that instead of (9) the system transfer function correspond-
ing to (14) is given by

S = %Z—d (19)
only the poiynomial S will be changed
S=A.By (Ay— ByB_27") (20)
and the computation of 7 and R remains according to (11) and (13).
""" —7—7—7——="
I f ] i I w
o s
R g-dm w b Al e sd
-f/‘ r M-Z I-QAI_,%M:?H q M+ '_I" S+S-Z >
! R ! ,
| Controller _ __ __ __ _ _____ B

Fig. 9. The generic model based pole-placement controller

The final optimal controller is already very general because it covers
the most critical processes where the design is not trivial. In the practice
we should rather use the model M instead of the system S in the internal
model, so the design procedure should apply

~ S oA g ~
M=M,M_z"% = (B—f> (B_) P &'—B—AZ—-——— = Ez_d’" (21)
A A A

instead of (14). Here My, M_ and 279" are the inverse stable, inverse
unstable factors and the delay time of the model, respectively. So the opti-
mal controller will change according to Fig. 9. This controller is very easy
to implement in a computer controlled system and it keeps the advantage
of the original idea of the new controller structure, i.e., it does not require
the solution of a polynomial (Diophantine) equation to obtain the controller
transfer functions or polynomials, instead (11), (13) and (20) should bc

applied now, where l§+§_z“d and A are the numerator and denominator
polynomials of the model M instead of the system S, as Fig. 10 shows.

It was already mentioned that the not cancellable factors of the system
will be factors of the modified reference models, so they are invariant to any
control strategy. ‘However, their influence on the original reference models
can be minimized, if we use a criterion for this purpose. Using the Wiener
design principle shown in the introduction the precompensator

~ ~—1
P, =P5S_ 57! (22)
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Fig. 10. The polynomial design of the generic pole-placement controller

and the regulator

must be used and the overall system equation
~—1__ ~—1__
y(k) = PB.S_ S_z"%, (k) + (1 -P,S_ S_z_d> w(k) (24)

is obtained. Fig. 11 shows the practical realization of this strategy if the
model of the system is used.

=1 —
Note that the application of the compensator S_ on S_ is optimal
for a given excitation only, in this case for white noise (or approximately
for wide bandwidth) disturbance. Therefore, the optimal pole-placement

controller shown in Fig. 8 is suggested for most practical applications.
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Fig. 11. Attenuating the invariant factors by Wiener design

4. Combined Identification and Control Schemes

Since the beginning the key paradigm of designing control systems is how to
handle uncertainties associated with the plant. One of the main techniques is
adaptive control intending to learn parameter and disturbance uncertainties
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in varying circumstances. Another important approach is to implement
robustness features at simultaneous identification and control procedures.

In the traditional approach to analysis and design of an adaptive con-
trol system the unknown plant is represented by a model, which is almost
known except a few parameters assumed time varying. Having the estimated
parameters the controller is updated according to the certainty equivalence
principle. The unstructured uncertainties are mostly ignored in these cases,
therefore these adaptive regulators are not robust. To tell the truth it is not
easy at all to consider these uncertainties at the classical adaptive systems
and to guarantee proper transients during the learning adaptation phase or
abrupt parameter changes.

In a classical robust control approach the regulator is designed on the
basis of a nominal model of the plant associated with the associated para-
metric and unstructured model uncertainties explicitly taking into account.
(Unfortunately, mostly analytical forms are required which are very rarely
available at practical applications, except a few special real cases or the
examples ‘god given’ apriori information). Here stability robustness is guar-
anteed and performance robustness is achieved sometimes. The weakness of
this approach is that it considers only the apriori information on the model
and neglects that the characteristics of the plant could be learnt even when
it is controlled. Therefore classical robust control approaches mostly result
in a conservative design in terms of performance.

(In Section 8 a new approach will be introduced, when the uncertainty
of the model coming from the parameter estimation will be minimized in
the relevant medium frequency range around the cross-over frequency.)

4.1. Open-loop Identification and Closed-loop Control

The simplest strategy to combine modelling and control if the identification
is performed in an open-loop experiment to obtain an optimal model M*,
selected from a model class M, by minimizing an identification criterion
Qo (€0) function of the open-loop identification error g, i.e.,

M” = arg min Qi (€0) = arg min Qio(M,x, A) = M5(M,x,S), (25)

where x = {z(k); k =1, ... N} is the applied input excitation series and
A=S-M (26)

is the additive model uncertainty between the system S and model M
(Fig. 12). The optimal regulator R*, selected from a regulator class R,
is obtained by minimizing a control criterion Q. (e.) function of the closed-
loop control error e, (Fig. 12), i.e.,

R =argmin Q. (ec).= arg min Qc(R, 5) = R*(R, 5). (27)
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(Note that the open-loop input excitation z is different from the closed-loop
input u acting on the process.) Because only the model of the system is
known in a practical case, therefore the most widely applicable strategy is
to substitute S by M in (27). This strategy is called the certainty equivalence
principle and realized by

R =arg min Q:(e) = arg min Q:(R,M)=R*(R,M). (28)

In this case the optimal regulator does not reach the theoretical optimum,
because the model M is used instead of the system S. However, it is possible
to form an iterative control refinement procedure improving the model and
regulator step by step:

1. Identify the model using the modelling step
M; = M§ (M, x;-1,S5). (29)
2. Calculate the optimal regulator
R; = R* (R, M,). (30)
3. Determine an optimal input excitation for the open-loop identification
x; = Xo (H, M;, R;) = Dyen (H,x, M, R;) . (31)

Here # is the (mostly amplitude or energy) constrained input signal
domain. This step is sometimes called optimal input design and the
operation is denoted by D (...).

4. Once M; and R; are found we can continue to increase the closed-loop
bandwidth repeating the procedure. The iterative process is continued
from step 1, while a stop condition is not fulfilled (until the ultimate
control objective is achieved or it is terminated because of reaching
some vital constraints).

For comparison it is interesting to see that in the above case the iden-
tification and control errors are

SOZ(S—M)z:m(%>m:HO(%>z (32)

and
1 1

=17 RsY T 1y RS™

where F, is the reference model, §, = P,y, is the desired process output
(model output or predicted reference signal) and w is the output disturbance.

€c @\r = Prym (33)
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4.2. Closed-loop Identification and Closed-loop Control

The formal description of the procedure how to combine modelling and
control if the identification is performed in a closed-loop experiment is very
similar to the previous section, however, the identification criterion Q. (.)
is now the function of the closed-loop identification error €, i.e.

M - a‘rg]\llnel% QZC (EC) - a‘rg]\}neljrt/l Qlc (M, Ra Yrs A) - Mc (M7 Yr, S) ?
(34)
and the regulator is designed again by Eg. (28). It is possible to form dif-
ferent combined schemes depending on the structure of the optimal control

and the combination of the sequential identification and control steps. In
this sequential procedure it is a general observation that

1. The human first learns to control over a limited bandwidth, and learn-
ing pushes out the bandwidth over which an accurate model of the

plant is known.
2. The human first implements a low gain controller, and learning allows

the loop to be tightened.

On the basis of these observations an adaptive robust control philosophy, the
windsurfer approach, was proposed by ANDERSON — KosuT (1991). They
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use a parallel closed-loop optimal controller scheme, which is very widely
used in the analysis of control relevant identification and iterative control
refinement procedures. Note that the classical so-called direct adaptive con-
trol algorithms generally use a somewhat different scheme which is called as
parallel in-loop optimal controller scheme. We will analyze these schemes
and the new generic optimal controller scheme also in the sequel. For the
sake of simplicity this comparison will be discussed here for inverse stable
processes first.

The generic optimal controller scheme. The generic optimal controller
scheme (KEVICZKY — BANYASZ (1994)) was shown in Section 2.

The structure of the optimal controller gives a special insight to un-
derstand the operation of a feedback loop for the servo and disturbance
rejection paradigm. It is easy to see the role of the knowledge of the model
of the system and the role and appearance of the factors of the system that
are invariant to any control strategy. A little bit modified form of the generic
scheme of Fig. 5 will be used here as Fig. 18 shows.

O
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Fig. 13. The generic optimal controller scheme

This structure has further advantages in handling system uncertainties
and a new canonic sensitivity scheme can also be obtained. This generic
scheme opens a new way to analyze combined modelling and control issues.
Fig. 13 is the long searched ideal scheme for the combined identification
and control problem, because in this case the control and modelling errors
are identical. So the new scheme provides an excellent possibility also to
study robust identification for control.

The common identification and control errors are

1 AN 1 AN
81281—1+RS<M)yr~H—I%EQU——[H1<Z_W_>yr+E1w]. (35)

5. On the Generic Optimal Controller Scheme

Inverse stable processes. 1t was presented above that the generic optimal
controller scheme has certain advantages comparing to others shown. It
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is also interesting to show that the common modelling and control error
e; = £ given by (35) can be also expressed as

er === [H (57) 5+ Brw| = ~[(Su+ w) - Mil = ~(u=9). (0

This form and Fig. 18 shows an obvious way how to perform the identifica-
tion step in a combined identification and control scheme, i.e., we should use
a regular identification algorithm based on the auxiliary variable # and the
measured controlled variable y as Fig. 14 shows. Note that % and y must
be obtained from the closed-loop operated by the generic optimal controller
structure.

Because @ depends on the model M only an iterative control refine-
ment procedure can be performed. Its simplest — so-called relaxation type
— iteration can be formed in the following way for an off-line case using IV
samples (i-th iteration is shown):

1. Calculate the auxiliary variable 4; based on the available model M;_;,
the reference model P, and the applied reference signal series y; =

{yi(k); k=1, ...,N}
4;(k) = M7\ Py (k); k=1, ...,N. (37)

Here i denotes the index of the iteration and note that y* does not
necessarily change by iteration.
2. Identify a model between 1i; and y; using the modelling step

Mi = i ic ) )Aia i—1y Lw) =
argAznéJr\ldQ (M, A0y, Ri1, Py)
= Mc* (MyMi-—hRi—la}’r,Sa Pran) (38)

(W ={ak); k=1, ..., N};  yi={w(k); k=1, ..., N}).
3. Calculate the optimal regulator based on (7)

.= -1 :
Ri=CM' = =5 M, (39)
the compute the process input u; as
wi(k) = P (Rit M) yi(k) - Rus(k);  k=1,..., N (40)

and apply to the process.
4. (There is a possibility to optimize the applied reference signal series
in this step by a proper input design procedure.)
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Fig. 14. Identification and regulator design at the generic optimal controller
scheme

5. Once M, and R; are found we can continue to increase the closed-loop
bandwidth repeating the procedure. The iterative process is continued
from step 1, while a stop condition is not fulfilled (until the ultimate
control objective is achieved or it is terminated because of reaching
some vital constraints).

Inverse unstable processes. Note that both % and R need the inverse of M.
Since this method is based on full pole and zero cancellation the extended
applicability can be reached by partial cancellation of those system (model)
components only, which are inverse stable. This eztended generic optimal
controller scheme is shown in Fig. 15 which corresponds to Fig. 7. The
identification and control errors are identical at this scheme, too, i.e.,

. _ __—ARM. L
VT Ot RrRSM MY T 1¥RST
_ _L<A)A_ 1 -
T 1yRrRS\M; )Y T+ RS T
AN L
= —[Hl (E)yr+Elw}:€1' (41)

The off-line iterative control refinement procedure described by Egs (37),
(38), (39) and (40) and steps 1 — 5 can also be applied here, if instead of
these equations the corresponding

(k) = (M) Bye(k); k=1, .., W, (42)
Ri= - f“})w (M) =c(ai)”, (43)
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Uz(k) =F (RzMZ_ + (M,Z;_)_l) y:(k) - Riyi(k); k=1, ..., N (44)

formulas are used.
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Fig. 15. The extended generic optimal controller scheme for inverse unstable pro-
cesses

- 6. Examples for Off-line Iterative Regulator Refinement

Frample 6.1 Let the process be given by

0.007869  _,

S = T 06065315 1"

(45)

which is a sampled-time (sampling time is h = 0.05 s and d = 4) first order
approximation of a helicopter ‘stick-input/roll-rate-output’ model. Apply
the unity gain tracking and disturbance rejection reference models

0.5271 0.2271
= % d P,=-—t—
e 1-08z1 (46)
and start the iterative control refinement by the model
0.01 4
Mo= 10417 (47)

ie., d, =d—=4. Fig. 16 shows the control and identification loss functions
(variances) by the iteration. It can be well seen that the iteration is quite
fast reaching the optimal values after 4 steps.

A unity amplitude square wave reference input signal with periodic
time 40 samples was applied and the off-line procedure used N = 100 sam-
ples. In the simulation runs an additive white noise was used as output
disturbance with a standard deviation A = 0.01. We used a simple off-line
LS method for parameter estimation only to demonstrate the operation of
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Fig. 16. Loss functions in an iterative control refinement procedure (first order
example)

the iterative algorithm. (Our experience showed that this method works
very fine in this scheme while the noise level is low. However, in a noisy
case the proper parameter estimation method (ELS, ML, etc.) should be
applied corresponding to the given process and noise model structure.) The
outputs of the tracking reference model (continucus) and the controlled
process (dashed) are shown in Fig. 17 before and after the iterative control
refinement.

Ezample 6.2 Let the process (GEVERs (1991)) be given by

g 0.0364z71 (1 + 1.2z71)
T 1-1.62"140.682"2"

where the same reference input and output noise was used as in the previous
example with the initial model

(48)

_0.04z71 (1+1.0271)

— ) 4
Mo =137, +0.522 (49)

Fig. 18 shows the control and identification loss functions (variances)
by the iteration. The outputs of the reference model (continuous) and the
controlled process (dashed) are shown in Fig. 19 before and after the iter-
ative refinement performed by off-line LS parameter estimation. Outputs
of the controlled process (continuous) and identified model (dashed) before
and after the iteration are shown in Fig. 20. This figure is a nice example
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Fig. 17. Outputs of the reference model and the controlled process before and after
the iteration (LS)

to explain the necessity for iterative control refinement. One can see that
the identified model output fits very nicely to the process output before and
after the iteration, too, so the model error is small. However, the control
error is very bad before the iteration shown in Fig. 19.

7. Adaptive Solution for the On-line Iterative Regulator
Refinement

The previous examples demonstrated the nice operation of the off-line iter-
ative control refinement procedure based on the generic scheme. Inspite of
the good convergence properties the necessary measurements are remark-
able. In many applications this is a costly and long procedure to design
the optimal regulator. However, it is easy to construct the adaptive control
refinement procedure based on the iterative scheme. Following the same
steps and properly changing the iteration ¢ to sampling time &k the following
formulas are obtained (not discussing here the details):

(k) = (M'j‘l)—l Py, (k), (50)
flh—dp) =[Gk =dn),d@(k—dm—1),...,—y(k—1), —y(k—2),..]7,
(51)

Ke= % p2 + 1T (k — dp) K1 f (k — dpy)

1 { Ki_1f (k — dp) £7 (k — d) Ky }
k—1 ’
p?

Br = Bro1 + Kif (k — don) [y(k) = £7 (k= don) Beon ]

- ~ o~ A T
pr = [bé, b]f, e a]f, ag, ] , (53)
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Fig. 18. Loss functions in an iterative control refinement procedure (second order
example)

Ri = 1fp (mf)” —C(sz)'l, (54)

w(k) = P, [Rka + (08) 7 o) - Ry, (55)

where p is an exponential forgetting factor and Egs (50) — (53) represent
a recursive LS method (RLS) in the simplest so-called naive programming
form. Several other recursive parameter estimations can be applied instead
of the above RLS algorithm.

Note that after having the estimated parameter vector p; correspond-
ing to (21) obtained My and M_ should be computed by factorization. The
above procedure is an on-line strategy performing all refinement steps (50) —
(55) in one sampling instance. Here we assumed that the signal y, (k) itself
or its generation rule is given apriori.

8. Adaptive Examples

Example 8.1 Let the process be given by

B 0.001 (1.1 + 1z71) s
(1 - 1.66932-1 4 0.77882-2)




136 L. KEVICZKY

Reference model and Reference model and
controtlled process outputs controlled process outputs

| -
0 20 40 60 80 100 0 20 40 60 80 100

Fig. 19. Outputs of the reference model and the controlled process betore and after
the iteration (LS)
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Fig. 20. Outputs of the controlled process and identified model before and after
the iteration (LS)

which is a sampled-time (sampling time is h = 0.05 s and d = 2) second order
approximation of a helicopter ‘stick input/roll rate output’ model. Here the
same F., P,, A and square wave y, excitation was used as in Example 6.1.
The initial model was

0.001(20+0.527Y) _,
My = 57
T 1 —-1511082-3)° (57)

ie., d, = d = 2. The outputs of the reference model (continuous) and
the controlled process (dashed) furthermore the control (continuous) and
modelling (dashed) error signals are shown in Fig. 21 for N = 200 samples
using the adaptive control refinement strategy (50) — (55) with Ty = 1001
and p? = 0.95.
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Fig. 21. Operation of the adaptive control refinement

9. Conclusions

The paper introduced a new structure to design optimal pole-placement
controllers. This new scheme allows to avoid the explicit solution of a poly-
nomial equation obtaining the transfer function elements of the optimal
controller directly. The new design principle is quite general and applica-
ble for nonminimum phase (inverse unstable) and delay time systems, too.
The controller is easy to be implemented in computer controlled systems.
The structure of the optimal controller gives a special insight to understand
the operation of a feedback loop for the servo and disturbance rejection
paradigm. It is easy to see the role of the knowledge of the system model
and the role and appearance of the system factors that are invariant to any
control strategy.

This structure has further advantages in handling system uncertajn-
ties and new canonic sensitivity schemes can also be obtained. The new
generic optimal controller scheme seems to be the best among the investi-
gated methods. It behaves also well because the identification and control
errors are the same and they can vanish only at the same time. This scheme
is easy to be implemented because general identification techniques can be
applied between a calculated auxiliary input and the measured closed-loop
output variables. .

An applicable strategy for iterative control refinement based on the
generic scheme was presented and illustrated by simulation examples. The
adaptive version of the control refinement strategy was also shown and
demonstrated by an example.
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